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A quasicrystalline phase was discovered in a Zr65Al7.5Ni10Cu12.5Ag5 bulk metallic glass annealed in
the supercooled liquid range. Through systematical transmission electron microscopy rotation
analyses, the selected area electron diffraction patterns are obtained corresponding to fivefold,
threefold, and twofold rotational symmetry, demonstrating that the precipitated phase is an
icosahedral quasicrystalline phase with good rotational symmetry. It is concluded that the addition
of Ag in the Zr-based metallic glass promotes the formation of the quasicrystalline phase. The
present experimental result implies that there is a natural relationship between the Zr-based bulk

















































outSince the discovery of an icosahedral phase~I phase! in
a rapidly solidified Al86Mn14 alloy by Shechtmanet al.,
1 ex-
tensive studies on quasicrystals have been carried out in
last fifteen years. However, until now some most basic qu
tions, such as the formation mechanism and atomic struc
of quasicrystalline, are not fully answered. Since quasicr
talline phases can be formed by devitrification of some
based and Pd–U–Si metallic glasses,2–4 and both the con-
densed solids have a lot of similar mechanical and phys
properties without the long-range periodic translational
der, the natural relationship between metallic glasses
quasicrystals attracts a lot of attentions and even a micro
sicrystal model was proposed to describe the structure
metallic glasses.5 Although this model was queried by th
kinetic analysis of phase transformation in some Al-ba
metallic glasses,4,6 it is still wondered what is the relation
ship between quasicrystals and metallic glasses.
Unlike Al-based and Pd–U–Si metallic glasses, Zr-
based multicomponent metallic glasses have a wide su
cooling range,7 much lower critical cooling rate,8 high dense
packing,9 and excellent thermal stability,10 which have
stimulated extensive studies in recent years. Recently, Ko
et al.11 reported that quasicrystalline phases were obser
in partially crystallized ZrCuAl and ZrCuNiAl metallic
glasses. However, such results were not observed in o
work.10,12,13Eckertet al.14 demonstrated that the metastab
quasicrystalline phases formed in the reported alloys o
appear at the early stage of crystallization and that their
mation is very sensitive to the concentration of impurity ox
gen. By using atom probe, the existence of the oxygen
a!Corresponding author; electronic mail: chen@fistm.imr.tohoku.ac.jp1690003-6951/99/75(12)/1697/3/$15.00



















riched phases in a nanocrystallized ZrCuAlPd alloy w
confirmed.15 However, since the particle size is too sma
to be identified by x-ray diffraction~XRD! and electron dif-
fraction convincingly, it was difficult to determine that th
oxygen enriched nanoparticles were quasicrystalline. M
recently, Xing et al.16 reported that quasicrystal phas
can also be formed in ZrTiCuNiAl metallic glasses a
that the formation of quasicrystals is sensitive to the cool
rate during solidification of the metallic glasses. It shou
be pointed out that all the results on the quasicrystall
phases in the partially crystallized ZrCuAl, ZrCuNiAl, an
ZrTiCuNiAl metallic glasses are based on x-ray diffractio
analyses.11,14–16Since the quasicrystalline phases only p
cipitate at the early stage of crystallization in these allo
the low volume fraction and the small particle size of t
quasicrystalline phases produce weak and broad x-ray
fraction peaks.14,16In addition, the formation of quasicrystal
in these alloys is much susceptive to the impurity conte
and fabrication conditions. There have been no systema
transmission electron microscopy~TEM! studies to docu-
ment the quasicrystalline symmetry in the reported allo
Thus, the existence of quasicrystalline phases in Zr-ba
bulk metallic glasses is still debatable. However, whether
not the quasicrystalline phases exist in the Zr-based b
metallic glasses is very important.
In this letter, we report our observation of a quasicry
talline phase with good icosahedral symmetry, determin
by systematical TEM analyses, in a partially devitrifie
Zr65Al7.5Ni10Cu12.5Ag5 metallic glass.
A multicomponent alloy with a nominal composition o
Zr65Al7.5Ni10Cu12.5Ag5 ~at. %! was used in the present re
search. Glassy ribbons with a cross section of ab7 © 1999 American Institute of Physics
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Down0.02 mm31.5 mm were prepared by a single roller me
spinning technique in an argon atmosphere. The endothe
and exothermic reactions associated with the glass tran
mation temperature~Tg!, the melting point (Tm), and the
first crystallization temperature (Tx1) of the alloy were mea-
sured in a continuous heating mode by a differential sc
ning calorimetry~DSC! at a heat rate of 40 K/min~Fig. 1!.
The values ofTg , Tm , andTx1 are 656.3, 1090.3, and 734.
K, respectively, from which it is determined that the sup
cooling range fromTg to Tx1 is 78.1 K and the ratio ofTg to
Tm is about 0.602. Both parameters indicate that the a
used in this work has good glass forming ability~GFA!. The
glassy cylinders of the alloy have been produced with a
ameter of about 5 mm by copper mold casting.17 The melt-
spun ribbons encapsulated in quartz tubes with vacuum
about 1025 Torr were annealed at 730 K for 7 min and th
quenched into water with the tubes. The foils for TEM o
servations were prepared by ion milling and electropolishi
respectively. TEM observations were performed in a Phil
CM-12 transmission electron microscope and x-ray diffr
tion measurement was conducted by using conventio
x-ray diffractometry (CuKa).
To identify precipitated phases in the annealed meta
glass, XRD analysis was first employed and an x-ray diffr
tion spectrum for the annealed alloy is shown in Fig. 2.
the spectrum, almost all the peaks can be indexed as a s
icosahedral phase~I phase!. However, except the peaks wit
higher diffraction intensity, it can be observed that the inte
sities of the many peaks corresponding toI phase are very
weak and are difficult to identify. Moreover, the positions
the peaks with higher intensity, like~100 000! and~110 000!
in the spectrum, almost overlap with those of the interme
lics, such as Zr3Al2 and Zr2Cu, which may appear in the
annealed multicomponent alloys. Thus, it is difficult to ge
convincing conclusion only from the x-ray diffraction spe
trum on the formation of quasicrystalline phases in the p
tially devitrified Zr-based metallic glass.
The bright-field electron micrograph of the annealed
loy is shown in Fig. 3. The spherulitic quasicrystal partic
whose size ranges from 100 to 300 nm can be observed
the volume fraction of the quasicrystalline phase is ab
60%. Like some Al- and Ti-basedI phases, the mottled sub
structure can be observed in the quasicrystal grains as w
The spherulitic morphology of the quasicrystal particles
dicates that the growth of theI phase is almost isotropic in























the supercooled liquid. The microstructure difference w
not found in the TEM samples thinned by ion milling com
pared to electropolishing, which indicates that the ion ir
diation does not obviously influence the formation and s
bility of the quasicrystalline phase in the metallic glass.
Systematical TEM rotation analyses on the quasicrys
line phase were carried out by using a double tilting spe
men holder. The selected area electron diffraction~SAED!
patterns shown from Figs. 4~a!–4~c! reveal the characteristic
sequence of five-, three-, and twofold axes as expected f
the simple icosahedral point group. The tilt angles from~a!
to ~b! and ~b! to ~c! are about 21° and 36°, respectivel
which basically consist with the theoretical ones1 within the
accuracy of the goniometer of the microscope. In additi
the SAED patterns show good icosahedral symmetry wit
the angular resolution of the microscope and the sharp
fraction spots, suggesting that the quasicrystalline ph
formed in the multicomponent supercooled liquid has be
icosahedral order. Meanwhile, no appreciable second ph
is seen in the samples except the residual amorphous p
among the icosahedral grains. Since the particle size
smaller than the selected area aperture of the microsc
FIG. 2. X-ray diffraction of a Zr65Al7.5Ni10Cu12.5Ag5 metallic glass annealed
at 730 K for 7 min.
FIG. 3. Bright-field electron micrograph of a Zr65Al7.5Ni10Cu12.5Ag5 metal-
lic glass annealed at 730 K for 7 min.
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Downweak diffraction halo from the amorphous matrix is also o
served in the SAED patterns. Due to the same reason, so
times we cannot completely repel the other particles from
area selected by the aperture and few random spots
them may appear in the high index regions.
The present TEM and XRD results convincingly demo
strate the existence of an icaosahedral quasicrystalline p
in a partially devitrified ZrCuAlNiAg metallic glass. Com
pared with the quasicrystalline phases precipitated fr
ZrCuNiAl and ZrTiCuNiAl metallic glasses, theI phase in
the Zr65Al7.5Ni10Cu12.5Ag5 can be formed in a much wide
annealing temperature range,18 suggesting that Ag has a ben
eficial effect on the formation of quasicrystals in Zr-bas
alloys. In addition, the high volume fraction of the quas
FIG. 4. SAED patterns taken from theI phase in the annealed
Zr65Al7.5Ni10Cu12.5Ag5 metallic glass with incident beams parallel to~a!






rystalline phase in the alloy suggests that the composition
the alloy is very close to that of a quasicrystalline pha
Actually, preliminary atom probe and energy dispersi
x-ray ~EDX! analyses results show that the quasicrystall
phase contains all the alloying elements present in the a
and the compositional difference between the quasicrys
line phase and the nominal composition is very small, reve
ing that the transformation from the supercooled liquid to
quasicrystalline phase is polymorphous.
While there is no direct experimental evidence, vario
studies support the model of icosahedral clusters as elem
tary units in theI phases.19 It is also postulated that metalli
glass may consists of randomly orientedI clusters,20 because
I clusters, in particular MackayI clusters, are extremely
stable in liquids and glasses.21 Even though we cannot con
clude that theI clusters are structure units in the Zr-bas
bulk metallic glasses now, the discovery of the good orde
I phase in the partially devitrified Zr-based metallic gla
directly demonstrates that the formation of icosahedral str
ture is favored over that of competing crystalline phases
the supercooled liquid of the multicomponent metallic gla
because less atomic reconstruction may be required.
The authors would like to thank Mr. S. Ito for TEM
sample preparation.
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